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We study observational consequences of the model for dark energy proposed in [1]. We assume our
universe has been created by bubble nucleation, and consider quantum fluctuations of an ultralight
scalar field. Residual effects of fluctuations generated in an ancestor vacuum (de Sitter space in
which the bubble was formed) is interpreted as dark energy. Its equation of state parameter wDE(z)
has a characteristic form, approaching −1 in the future, but −1/3 in the past. A novel feature of our
model is that dark energy effectively increases the magnitude of the negative spatial curvature in the
evolution of the Hubble parameter, though it does not alter the definition of the angular diameter
distance. We perform Fisher analysis and forecast the constraints for our model from future galaxy
surveys by Square Kilometre Array and Euclid. Due to degeneracy between dark energy and the
spatial curvature, galaxy surveys alone can determine these parameters only for optimistic choices
of their values, but combination with other independent observations, such as CMB, will greatly
improve the chance of determining them.
Introduction.— It is widely accepted that the expan-
sion of the present universe is accelerating. The first
clear evidence for acceleration has been provided by ob-
servations of supernovae (SNe) of type Ia [2, 3]. Strong
support has been given by the fact that other indepen-
dent phenomena such as cosmic microwave background
(CMB), baryon acoustic oscillation (BAO), etc., consis-
tently suggest cosmic acceleration (see e.g., [4] for a re-
view). The source of the accelerating expansion is at-
tributed to dark energy of unknown origin, which has
the equation of state (EoS) parameter wDE = p/ρ close to
−1, contributing about 68% of the critical density [5, 6].
The next generation observations are expected to deter-
mine wDE to a percent level, and also its derivative with
respect to the scale factor to a 10 percent level [4].
At a time of great observational developments, an im-
portant direction of research would be to construct a the-
oretically motivated model of dark energy, and have it
tested by observations. There are models which describe
dark energy (see [7] for a review), such as quintessence
(scalar field slowly rolling down a potential) and modified
gravity, but they typically do not explain its origin. It re-
mains a mystery why its energy density is extremely small
compared to the fundamental scale, ρDE ∼ 10−122M4P.
In the previous paper [1], five of the present authors
proposed a model for dark energy, partially motivated by
string landscape. Assuming our universe has been cre-
ated by bubble nucleation from a metastable de Sitter
space (the “ancestor vacuum”), residual effects of quan-
tum fluctuations generated in the ancestor vacuum has
been interpreted as the source of dark energy. Its equa-
tion of state parameter wDE(z) has a characteristic form
as a function of the redshift z. The purpose of the present
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FIG. 1. Left panel: A potential with a metastable de Sitter
vacuum. Right panel: Penrose diagram for a bubble nucle-
ated in de Sitter space. The horizontal line at the bottom
represents a global slice in de Sitter space at the time of bub-
ble nucleation. The green line is the bubble wall; on its left
(right) is the true (ancestor) vacuum. Our universe is an open
FLRW universe inside the bubble, represented as Region I.
Letter is to assess the possibility of observational tests of
this model. Observations that we consider to be particu-
larly promising are galaxy surveys by Square Kilometre
Array (SKA) [8] and Euclid [9], planned to start operat-
ing in the early 2020’s. We will perform Fisher analysis
and forecast the constraints for our model1.
The theoretical setup.— We consider bubble nucle-
ation due to quantum tunneling, which occurs e.g., in a
potential for a scalar field Φ shown in FIG. 1, left panel.
The Hubble parameter of the ancestor vacuum will be de-
1 Our work focuses on the test of a particular model, and is comple-
mentary to the attempts at “model independent” forecasts [10].
The authors of [10] introduce as many parameters as to be con-
sidered general, and study emissions from intergalactic medium
at 6.3 . z . 20, while we consider a minimal set of parameters
and study emissions from galaxies themselves at z . 2.
2noted HA. Our universe is inside the bubble, represented
as Region I in FIG. 1, right panel. It should have nega-
tive spatial curvature [11]. After bubble nucleation, the
ordinary inflation with the Hubble parameterHI(≪ HA)
is assumed to occur.
We consider a scalar field φ which is different from the
tunneling field2 Φ and has zero expectation value. We
assume the field φ to have massmA before tunneling, and
m0 after tunneling, where mA and m0 could be different.
The latter is assumed to satisfy m0 . H0 where H0 ∼
10−33eV is the present Hubble parameter. A candidate
for such an ultralight field is one of the axion-like fields,
expected to exist in string compactifications3 [16].
In [1], the contribution from the field φ to the vac-
uum expectation value of the energy-momentum tensor
〈Tµν〉 has been computed, carefully taking into account
the effect of the ancestor vacuum. In the free-field ap-
proximation, the energy-momentum tensor is quadratic
in φ, thus 〈Tµν〉 can be obtained by taking the coincident-
point limit of the two-point function 〈φφ〉 computed by
the method developed in4 [21–23]. We refer the reader to
[1] for details, and give an order-of-magnitude argument
here. In the ancestor vacuum, quantum fluctuations
give rise to the expectation value of the field-squared
〈φ2〉 ∼ H4A/m2A, as in pure de Sitter space (see e.g., [24]).
The field φ is almost frozen until now, due to the as-
sumption m0 . H0 (and one more condition ǫ ≪ 1, to
be mentioned below). If so, the energy-momentum ten-
sor is dominated by the mass term, and takes the form of
cosmological constant (wDE = −1), with the magnitude
〈Tµν〉 ∼ m20〈φ2〉gµν ∼ H4A
(
m0
mA
)2
gµν . (1)
It is not difficult for this to have the same order of mag-
nitude as dark energy, ρDE ∼ M2PH20 , once we admit
m0 ∼ H0: We just need mA/HA ∼ HA/MP , i.e., HA
being the geometric mean of mA and MP .
Difference from quintessence.— At the level of the
above heuristic argument, it makes no difference whether
φ is a classical or quantum field. However, fully quantum
mechanical analysis in [1] has the following two important
differences from the classical case.
First, there is no ambiguity in the initial condition for
the field φ, unlike in the classical case, in which one has
to assign e.g., the axion misalignment angle by hand.
Our prediction (1) is unambiguous when HA, mA, m0
2 The tunneling field does not have a supercurvature mode [12]
which will give the residual effect at late times (as explained be-
low), and cannot serve as a source for dark energy. Gravitons [13]
and vector fields [14] also do not have one.
3 Extremely small mass m0 ∼ H0 is considered to be possible
because mass of a string axion arises typically due to instanton
effects, and is exponentially sensitive to the instanton action [16].
4 For studies of the CMB in this framework, see e.g. [12, 17–20].
are given. This is a virtue of bubble nucleation, which
allows us to go past the beginning of the FLRW time and
uniquely determine the vacuum state of a quantum field.
Second, the mode of φ which gives the dominant con-
tribution at late times is not strictly homogeneous. It is
an eigenfunction of the Laplacian on the spatial slice H3
with a non-zero eigenvalue. There is a peculiar feature
of modes on a hyperboloid. Normalizable modes decay
exponentially (since the volume grows exponentially) at
large distances; they have eigenvalues ∇2 = −(k2 + 1)
with real k. However, in an open universe created by
bubble nucleation, there is the so-called supercurvature
mode [21, 22], which is non-normalizable on H3, and has
an eigenvalue with imaginary k = i(1− ǫ), i.e., ∇2 ∼ −2ǫ
when ǫ≪ 1. The parameter ǫ is determined by the prop-
erties of the ancestor vacuum,
ǫ = cǫ
(
mA
HA
)2
, (2)
whenmA/HA ≪ 1, with an order-one coefficient cǫ which
depends on the size of the critical bubble5[1]. The super-
curvature mode gives rise to long-range correlations in
the open universe, which can be interpreted as the super-
horizon fluctuations in the ancestor vacuum, seen from
the inside of the bubble.
Observational signature.— The energy-momentum
tensor for φ at late times is dominated by the con-
tribution from the supercurvature mode. The spatial
derivative term in 〈Tµν〉 gives a non-zero contribution,
〈(∇φ)2〉 = −〈φ∇2φ〉 ∼ 2ǫ〈φ2〉. If ǫ ≪ 1 and m0 ≪ H0
(though these inequalities do not have to be very strong,
in practice), the time-derivative term is negligible [1].
Then, the EoS parameter wDE can be obtained by simply
taking the ratio of p to ρ, and becomes
wDE = −
2
3 (ǫ/R
2
c) +m
2
0a
2
2(ǫ/R2c) +m
2
0a
2
= −1 +
2
3 ǫ˜(1 + z)
2
1 + 2ǫ˜(1 + z)2
. (3)
where Rc is the comoving radius of curvature, which is
constant6. The final expression shows that the functional
form of wDE(z) depends on a single parameter
7,
ǫ˜ ≡ ǫ
(m0/H0)2
ΩK,0 ≡ ξΩK,0 , (4)
where ΩK,0 = 1/H
2
0R
2
c is the fractional energy density
of the spatial curvature at present. At late times, the
mass term is dominant in (3), thus wDE(z) → −1. At
5 The dependence on the bubble size is not very strong: cǫ = 1/3
in the small bubble limit, and cǫ = 2/9 when the bubble occupies
half of the ancestor de Sitter space.
6 The convention in [1] was to take Rc = 1. Here we take the scale
factor at present to be 1, a0 = 1, so that a = 1/(1 + z).
7 This corresponds to the p = 2, w0 = −1, w1 = −1/3 case in [25]
(referred to “parametrization II” in [10]).
3early times8, the spatial derivative term becomes domi-
nant, thus wDE(z) → −1/3. The past asymptotic value
wDE(z)→ −1/3 is unlikely to be realized in the ordinary
inflation: 〈Tµν〉 in de Sitter space with a de Sitter in-
variant vacuum should have w = −1; evolution of wave
functions after inflation will give rise to non-zero time
derivatives, not only spatial derivatives.
We regard the functional form of wDE(z) in (3) to be an
indication of fluctuations generated before ordinary infla-
tion9, but in fact, this may not be specific to open uni-
verse or bubble nucleation. If an infrared part of the fluc-
tuations is enhanced relative to the usual magnitude HI
and is frozen until now, it will contribute to the spatial-
derivative and mass terms of the energy-momentum ten-
sor, giving the EoS parameter similar to (3). This can
happen e.g., in a double inflation model in [26, 27].
Eq. (3) leads to a simple relation between w0 and its
derivative wa = −dw/da|a=1: When ǫ˜ ≪ 1, we have
wa = 2(w0 + 1) = 8ǫ˜/3. This relation could be testable
by ongoing observations such as Dark Energy Survey [28].
This will be a first step toward testing our model.
Eq. (3) yields the energy density of dark energy as a
function of the redshift,
ρDE(z) = 3M
2
PH
2
0 ΩΛ,0
(
1 + 2ǫ˜(1 + z)2
)
. (5)
The mass term in the energy-momentum tensor gives the
time-independent contribution 3M2PH
2
0 ΩΛ,0 to (5). The
spatial derivative term gives a contribution with the rela-
tive factor 2ǫ˜(1+ z)2. In terms of the model parameters,
ΩΛ,0 is given by
10
ΩΛ,0 =
1
6
c˜∗
H4A
H20M
2
P
(
m0
mA
)2
, (6)
with c˜∗ = c∗(HI/HA)
2ǫ, where c∗ depends on the size of
the critical bubble11 [1]. We can take (HI/HA)
2ǫ ∼ 1
when ǫ is sufficiently small. The parameters HA, mA,
m0 in the model are related to the observables, ΩΛ,0 and
ξ as
HA
MP
=
√
6ξΩΛ,0
c˜∗cǫ
,
mA
MP
=
√
6ΩΛ,0
c˜∗
ξ
cǫ
m0
H0
. (7)
We will forecast the constraints for ξ, rather than ǫ˜ =
ξΩK,0. Since the definition of ξ is independent of ΩK,0, it
8 Though we call it early times, we are assuming it to be later than
the time when the supercurvature mode becomes dominant over
the continuous modes.
9 Another possibility for realizing wDE(z) of (3) is to have two
independent sources: one with w = −1/3 (such as cosmic strings)
and the other with w = −1 (cosmological constant).
10 The fractional energy density of dark energy at present is the
sum of the two terms, ΩDE,0 = (1 + 2ǫ˜)ΩΛ,0, but since ǫ˜ ≪ 1,
one can take ΩDE,0 ≈ ΩΛ,0, in practice.
11 We have c∗ = 3/8π2 in the small bubble limit, and c∗ = 3/4π2
when the bubble occupies half of the ancestor de Sitter space.
is not constrained to be very small; we expect ξ = O(1) as
a natural choice. If we can determine ξ from observations,
(7) allows us to determine an important parameter HA.
Fisher analysis for galaxy surveys.— SKA [8] is a
ground based array of radio telescopes which covers
about 3/4 of the sky and observes galaxies by detecting
the 21cm emission line of neutral hydrogen. Euclid [9]
is a satellite based telescope working in the visible and
near-infrared wavelength domains. SKA phase 2 (SKA2)
and Euclid are both expected to observe a billion galaxies
up to the redshift z ∼ 2. In our analysis, we use the sur-
vey specifications described in [29] for SKA, and in [30]
for Euclid. We take the power spectrum of galaxy dis-
tribution as an observable, and forecast the constraints
on the parameters, following the standard procedure (see
e.g., [32, 33, 35, 36]).
As the fiducial cosmological model, we take a wCDM
model whose dark energy is characterized by w in (3) with
the negative spatial curvature. The Hubble parameter
H(z) obeys
H2
H20
= Ωm,0(1 + z)
3 + Ω˜K,0(1 + z)
2 +ΩΛ,0 , (8)
H˙
H20
= −3
2
Ωm,0(1 + z)
3 − Ω˜K,0(1 + z)2 . (9)
Interestingly, the spatial derivative term in the energy-
momentum tensor contributes exactly in the same way as
the spatial curvature to Eqs. (8) and (9), effectively re-
placing ΩK,0 with Ω˜K,0 ≡ (1 + 2ξΩΛ,0)ΩK,0. Thus there
is a tendency for degeneracy between ΩK,0 and ξ. On
the other hand, the angular diameter distance, DA(z) =(
(1 + z)H0
√
ΩK,0
)−1
sinh
(
H0
√
ΩK,0
∫ z
0 H
−1(z′)dz′
)
, is
defined in terms of the true curvature ΩK,0. This fact
is expected to break the degeneracy.
We consider a model for galaxy distribution in the lin-
ear regime. The matter density contrast δm satisfies the
k-independent equation at the linear level (see e.g., [37]),
δ¨m + 2Hδ˙m − 3
2
H2Ωmδm = 0 . (10)
An object of interest is the linear growth rate f ≡ d ln δmd ln a .
The observed galaxy power spectrum in the redshift
space is well described by
Pg(k; z) =
(
b(z) + f(z)µ2
)2
Pm(k; z)e
−k2µ2σ2
NL , (11)
where Pm(k, z) is the linear matter power spectrum, and
b(z) is the so-called galaxy bias function, which should
be chosen according to the type of target galaxies for the
particular observation: for SKA, b(z) = c1 exp(c2z) with
constant c1 and c2; for Euclid, b =
√
1 + z. The term
fµ2, where µ is the cosine of the angle between the line of
sight and the wave vector k, represents the redshift space
distortion [31], due to the contribution to the observed
4redshift from the peculiar velocity driven by the cluster-
ing of matter (making dense region look denser). The
factor e−k
2µ2σ2
NL with a free parameter σNL ≈ 7 [Mpc]
to be marginalized, is introduced to represent the inac-
curacies in the observed redshift, which results in the
line-of-sight smearing. Further, taking into account the
geometrical effects due to the difference between the pos-
sibly incorrect reference cosmology and the true one, the
so-called Alcock-Paczynski (AP) effect [34], the observed
power spectrum is given by [33]
Pobs(k
ref
⊥ , k
ref
‖ ; z) =
(
DrefA (z)
DA(z)
)2
H(z)
Href(z)
Pg(k⊥, k‖; z) .
Here the angular diameter distance DA and the Hubble
parameterH in the reference cosmology are distinguished
by the subscript ‘ref’, while those in true cosmology have
no subscript. The wave number across and along the
line-of-sight in the two cosmologies are related through
k‖ =
H
Href
kref‖ and k⊥ =
Dref
A
DA
k
ref
⊥ .
The forecast.— The Fisher matrix for a set of param-
eters {θα} is defined as Fαβ =
〈
∂
∂θα
∂
∂θβ
logL
〉
where L
is the likelihood function when we regard {θα} as prob-
abilistic variables which depends on the data set. The
matrix Fαβ is the inverse of the covariance matrix, and
the minimum 1σ error on θα is given by
√
(F−1)αα (no
sum on α). In terms of galaxy power spectrum, the Fisher
matrix can be written as [33, 35]
Fαβ =
∑
zi
∫ kmax
kmin
d3k
(2π)3
Veff(k; zi)
× ∂ lnPobs(k; zi)
∂θα
∂ lnPobs(k; zi)
∂θβ
, (12)
where the effective volume of the survey is given by
Veff(k; zi) ≈
(
ng(zi)Pobs(k; zi)
ng(zi)Pobs(k; zi) + 1
)2
Vsurvey(zi) . (13)
The survey volume is divided into bins with the width
∆z = 0.1 in the redshift. Here Vsurvey(zi) is the comov-
ing volume of the redshift slice centered at zi. The mini-
mum wavelength is kmin(zi) = 2π/V
1/3
survey(zi). The max-
imal wavelength is taken to be the scale beyond which
non-linearities become non-negligible. It is estimated as
kmax(zi) = 0.14(1 + zi)
2/(2+ns) [Mpc−1].
Our forecast is performed for the parameter set:
{h,ΩΛ,0,ΩK,0, h2Ωb,0, σ8, ns, σNL, b(zi)} and {ξ}. The
fiducial values are taken as h = 0.67, h2Ωb,0 =
0.0222, ΩΛ,0 = 0.6817, σ8 = 0.834, ns = 0.962, ΩK,0 =
0.03, and ξ = 0.8.
FIG. 2 shows the forecast 1σ and 2σ contour in the
(ΩK,0, ξ) plane for SKA2 and Euclid. There is degener-
acy between ΩK,0 and ξ along the Ω˜K,0 = const. direc-
tion, for the reason mentioned above. However, for this
-2
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FIG. 2. Forecast 1σ and 2σ marginal contours with the fidu-
cial values (ΩK,0, ξ) = (0.03, 0.8) for SKA2 galaxy survey
(blue), Euclid (green), and the combined analysis (red).
set of fiducial values of the parameters, one can see the
difference from ξ = 0 (i.e., time independent cosmological
constant) at the 1σ level.
Discussion.— The above choice of parameters,
(ΩK,0, ξ) = (0.03, 0.8), is barely consistent with the cur-
rent constraint on the spatial curvature. These parame-
ters may take smaller values. In that case, it might be
difficult to determine these parameters solely from the
results of galaxy surveys in the near future.
To break the degeneracy between ΩK,0 and ξ, it is
highly important to combine galaxy surveys with other
observations of spatial curvature which have different de-
pendence on the angular/luminosity/comoving distance.
Possible detection of negative curvature by observations
of the CMB will greatly improve the chance of deter-
mining the parameters, since the CMB involves larger z
than the galaxy surveys, and will be more sensitive to
the angular diameter distance. On the other hand, posi-
tive curvature at the level of ΩK,0 . −10−4 would falsify
bubble nucleation, as argued in [38], thus its detection
would rule out our model.
If the results of galaxy surveys are consistent with
our model with non-zero ξ, we may wonder whether
this rules out other models. For instance, there is a
quintessence model, called “scaling freezing” model12,
whose EoS parameter approaches wDE → −1 in the fu-
ture and wDE → 0 in the past, and the transition occurs
around a ∼ at. Although it would be difficult for galaxy
surveys at z . 2 to distinguish the past asymptotic val-
ues wDE → −1/3 and wDE → 0, in fact, there is already
a strong constraint for the latter [39, 40]: The existing
data of CMB, BAO, SNe, suggest that the transition has
to occur quite early at < 0.11 (i.e., z > 8.1). Thus,
the model with the past asymptotic behavior wDE → 0
12 It is defined by the potential V (φ) = V1e−λ1φ/MP +V2e−λ2φ/MP
where with λ1 >> 1 and λ2 . 1. Its EoS parameter is well
approximated by wDE(a) = −1+1/(1+(a/at)
1/τ ) with τ = 0.33.
5should have wDE ≈ −1 at z . 2, and cannot be respon-
sible for the possible deviation from wDE = −1 discussed
in this Letter.
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